Background: (MRL)-lpr/lpr mice spontaneously develop autoimmune disease characterized by arthritis and glomerulonephritis. Nitric oxide is postulated to play a role in the disease pathogenesis, as mice treated with the nitric oxide synthase inhibitor N Gmonomethyl-L-arginine (NMMA) show markedly reduced manifestations of the disease. The purpose of this study was to examine the role of peroxynitrite in disease development in MRL-lpr/lpr mice.
Introduction
(MRL)-lpr/lpr mice spontaneously develop aspects of autoimmune disease that include arthritis, vasculitis, and glomerulonephritis (1, 2) . Nitric oxide (NO), a multifunctional molecule produced by many different cell types, is implicated in the pathogenesis of the disease (3, 4) . NO is synthesized from L-arginine by the enzyme NO synthase (NOS) and is known to regulate a number of biological processes, including blood flow, neurotransmitter release, and nonspecific host defenses (5) (6) (7) (8) (9) (10) . Overproduction of NO is associated with inflammation and tissue injury (11) (12) (13) (14) . MRL-lpr/lpr mice excrete elevated levels of urinary nitrite/nitrate, compared with control mice, and have higher levels of blood nitrosyl-hemoglobin, both indicative of elevated systemic NO production (4, 15) . Furthermore, detection of nitrosylated non-heme proteins in diseased kidneys suggests the formation of NO within the kidneys of diseased mice (15) . In addition, macrophages from MRL-lpr/lpr mice express increased levels of mRNA and immunoreactive material for inducible NOS (4) . Oral administration of the NOS inhibitor N G -monomethyl-L-arginine (NMMA) decreases the level of nitrite/nitrate excreted by MRL-lpr/lpr mice, prevents development of glomerulonephritis, and reduces the intensity of arthritis in MRL-lpr/lpr mice (4) .
In addition to overproduction of NO, macrophages from MRL-lpr/lpr mice also produce significantly higher levels of reactive oxygen species, such as superoxide and hydrogen peroxide, in response to phorbol myristate acetate stimulation than macrophages from control mice (16) . Peroxynitrite (ONOO -) is a potent oxidant that results from the reaction of superoxide with NO (17) . One of the "footprints" for the presence of peroxynitrite is the nitration of tyrosine residues in the ortho position to form 3-nitrotyrosine (18) . Nitrotyrosine formation is associated with many disease states, including human atherosclerosis, human acute lung injury, chronic inflammation, chronic rejection of renal allografts, and sepsis (19) (20) (21) (22) (23) .
In this study, we examined the possibility that peroxynitrite was involved in the pathogenesis of disease in MRL-lpr/lpr mice. We found that the level of protein nitration in kidney extracts from diseased mice was elevated, compared with levels from control mice. In addition, treatment of diseased mice with NMMA decreased the extent of protein nitration.
NO and peroxynitrite can influence multiple targets important in the pathogenesis of autoimmune disease in MRL-lpr/lpr mice. These targets may include antioxidant enzymes, such as catalase and superoxide dismutase (SOD). Manganese SOD is nitrated and inactivated in chronic rejection of human renal allografts (23) . In this study, we found that the activity and level of catalase protein, a heme-containing antioxidant enzyme that catalyzes the dismutation of H 2 O 2 to H 2 O and O 2 , was decreased in MRL-lpr/lpr mice and was partially restored to control levels in mice treated with NMMA. This suggested that NO or a species derived from NO (e.g. peroxynitrite), may be responsible for the in vivo decrease in catalase activity. For comparison, we also examined the effects of nitrating and oxidizing agents on catalase in vitro. These agents included peroxynitrite, NO, 1,3-morpholinosydnonimine (SIN-1) and tetranitromethane (TNM). Using these agents, catalase was found to be inactivated in vitro, primarily via nitration by peroxynitrite. In toto, our results suggest that the peroxynitrite-mediated decrease in catalase activity and protein, with the increase in production of reactive oxygen species, may act together to render these mice more susceptible to oxidative damage and contribute to the pathogenesis of autoimmune disease in MRL-lpr/lpr mice.
Materials and Methods

Materials
Bovine liver catalase was obtained from Worthington Biochemical Corp., Lakewood, NJ and mouse liver catalase was from Sigma Chemical Co., St. Louis, MO. TNM was purchased from Aldrich Chemical Corporation, Milwaukee, WI. Peroxynitrite was synthesized as described by Beckman, et al. (24) . Briefly, sodium nitrite and acidified hydrogen peroxide were pushed through manually driven syringes into a T junction. The combined solutions flowed through a short length of tubing into a second T junction, where the reaction was quenched with sodium hydroxide. Residual hydrogen peroxide was removed by mixing peroxynitrite with solid granular manganese dioxide, followed by filtration through a 0.2 m membrane. The concentration of peroxynitrite was determined by the absorbance at 302 nm using an extinction coefficient of 1.670/mM/cm.
Mice
MRL-lpr/lpr male mice were obtained from the Jackson Laboratory, Bar Harbor, ME at six weeks of age and housed as described previously (4).
Kidney Extract Preparation
Mouse kidneys were homogenized in ice-cold 50 mM Tris, 1.0 mM EDTA, pH 8.0, with 1.0 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), using a glass pestle and homogenizer. The extracts were clarified by centrifugation in an Eppendorf centrifuge at 14,000 rpm for 30 min. Each supernatant was further clarified by centrifugation for 10 min at 14,000 rpm. The supernatant from this second centrifugation was used in all assays.
Catalase Activity Assays
Catalase activity was determined spectrophotometrically by measuring the disappearance of H 2 O 2 at 240 nm or by activity staining of 6% or 8% native polyacrylamide gels (25, 26) . Soluble mouse kidney extracts (25 g of protein per lane) or purified bovine liver or mouse liver catalase were separated on 6% or 8% native polyacrylamide gels. Bands of catalase activity were visualized by soaking the gels in 50 mM sodium phosphate, pH 7.0, 0.1 mM EDTA containing 50 g/ml horseradish peroxidase for 45 min at 25°C. H 2 O 2 was added to a final concentration of 5.0 mM and the gel was incubated an additional 15 min. After a brief rinse with H 2 O, stain development was initiated by addition of 0.5 mg/ml diaminobenzidine-HCl in 50 mM sodium phosphate, 0.1 mM EDTA, pH 7.0.
Immunoblot Analysis
Soluble mouse kidney extracts or purified bovine liver or mouse liver catalase were separated by SDS-PAGE on 8% or 14% gels and transferred to nitrocellulose membranes (0.45 m; Novex, Wadsworth, OH). Unbound sites were blocked by incubation with 3% nonfat dry milk in Tris buffered saline (TBS; 20 mM Tris, 500 mM NaCl, pH 7.5) for 2 hr at 25°C. Membranes were incubated overnight at 25°C with a rabbit polyclonal anti-nitrotyrosine antibody ( 
Peroxynitrite Inactivation of Catalase
Purified bovine liver catalase (10 g/ml) or mouse liver catalase (0.2 mg/ml) was incubated in 100 mM potassium phosphate at pH 7.8 with peroxynitrite at the indicated concentrations for 15 min at 25°C. In control reactions, peroxynitrite was allowed to decompose in the phosphate buffer for 5-10 min before catalase was added (reverse order of addition).
Sequential Addition of Peroxynitrite
Purified bovine liver catalase (10 g/ml) was incubated with 0.1 mM peroxynitrite in 100 mM potassium phosphate at pH 7.8. After 1 min, a time sufficient for complete decomposition of peroxynitrite, a sample was removed and another aliquot of peroxynitrite was added to allow a final concentration of 0.1 mM in the reaction mixture. This procedure was repeated until a total of five aliquots of peroxynitrite were added to the reaction.
Treatment of Catalase with TNM
Bovine liver catalase (0.82 mg/ml) was dialyzed into 100 mM sodium phosphate, pH 6.0, or 100 mM sodium phosphate, pH 8.0. TNM was added to a final concentration of 0.5 mM. The reactions were incubated for 2.5 hr at 37°C. TNM was separated from catalase using a NICK Spin column (Pharmacia Biotech, Piscataway, NJ) as per manufacturer's instructions. Aliquots were removed for determination of protein concentration and catalase activity.
Inactivation of Catalase by SIN-1
Purified bovine liver catalase (10 g/ml) was incubated with 10 M, 100 M, or 1.0 mM SIN-1 in 100 mM potassium phosphate at pH 7.8 at 25°C. At the indicated times, an aliquot of each reaction was removed and assayed for catalase activity.
The Effect of SOD on Inactivation of Catalase by SIN-1
Purified bovine liver catalase (Worthington) was incubated at 10 g/ml in 100 mM potassium phosphate, pH 7.8, with 100 M SIN-1 in the absence or presence of 5 M bovine Cu, Zn SOD (Oxis International, Portland, OR) at 25°C. At the indicated times, an aliquot of each reaction was removed and assayed for catalase activity.
Results
Proteins in soluble extracts from kidneys of BALB/c mice and MRL-lpr/lpr mice were separated on a SDS-polyacrylamide gel and the level of protein nitration was examined using an anti-nitrotyrosine antibody. The kidney extracts from normal BALB/c mice did not contain significant levels of nitrated proteins (lanes 1 and 2, Fig. 1A ). In contrast, extracts synthesis. In addition, the severity and extent of arthritis in the treated mice also was improved. Kidney extracts from MRL-lpr/lpr mice treated with NMMA had decreased levels of nitrated proteins, although such levels were not restored to those of the control mice (Fig. 1B) .
Previous reports suggested that MRLlpr/lpr mice expressed lower levels of mRNA, corresponding to antioxidant enzymes, such as SOD and catalase, in their kidneys and livers (27) . However, there has been no direct determination of the levels of these enzymatic activities in mouse kidneys to date. We examined the levels of catalase and SOD activity in kidney extracts prepared from MRL-lpr/lpr mice and compared them with the levels in kidneys from BALB/c mice. There was no difference in the level of Cu, Zn SOD activity between the MRL-lpr/lpr kidneys and the BALB/c kidneys from kidneys of MRL-lpr/lpr mice had elevated levels of proteins with nitrotyrosine (lanes 3 and 4). These proteins were seen as distinct bands, corresponding to molecular weights of approximately 27 kDa and 52 kDa. They were specifically recognized by the anti-nitrotyrosine antibodies and were not detected in a blot incubated with secondary antibody alone (lanes 1-4, right half, Fig. 1A ). Elevated levels of protein nitration seen in the diseased mouse kidneys suggested the presence of an increased level of peroxynitrite in this tissue in vivo. Peroxynitrite may be formed from the increased production of NO and superoxide in MRLlpr/lpr mice (3, 4, 16) . Treatment of MRL-lpr/lpr mice with the NO synthase inhibitor, NMMA, resulted in an amelioration of various aspects of the autoimmune disease (4). Treated mice excrete decreased levels of nitrite/nitrate in their urine, indicating a decreased level of NO (data not shown). In contrast, MRL-lpr/lpr mouse kidney extracts exhibited a 70-75% decrease in catalase activity, compared with BALB/c kidney extracts ( Fig. 2A and 2B) . Furthermore, treatment of diseased mice with L-NMMA resulted in a partial restoration of the catalase activity.
To determine whether the decrease in catalase activity was due to a decrease in the level of catalase protein or to a decrease of activity associated with a modification of the enzyme, we examined the level of catalase protein in 3) , MRL-lpr/lpr mice (lanes 4-5), and BALB/c mice (lanes 6-9). 25 g soluble protein from each extract was separated on a 6% polyacrylamide gel under native conditions and stained for catalase activity as described in "Materials and Methods." By densitometry, the catalase activity is 51% lower in samples from MRLlpr/lpr than those from BALB mice. NMMA treatment of MRL-lpr/lpr mice increases catalase activity to 132% of control (BALB) levels. (B) Catalase activity of mouse kidney extracts. Catalase activity in kidney extracts of BALB/c, MRLlpr/lpr, and MRL-lpr/lpr mice treated with NMMA was determined as described. The means plus one standard deviation are displayed. (C) Anticatalase immunoblot of mouse kidney extracts. 100 g of kidney extract from BALB/c, MRLlpr/lpr, and MRL-lpr/lpr mice treated with NMMA were separated on 14% SDS-PAGE and probed with sheep anti-bovine catalase antibodies by immunoblot analysis. 50 ng of bovine liver catalase and 500 ng of mouse liver catalase served as controls. By densitometry, the catalase band is 43% lower in samples from MRL-lpr/lpr than those from BALB mice. NMMA treatment of MRL-lpr/lpr mice increased catalase back to 78% of control (BALB) levels (an increase of 45%). the kidney extracts, using an anti-bovine catalase antibody that cross-reacted with the mouse enzyme (Fig. 2C) . The level of catalase protein was decreased in kidney extracts from the MRL-lpr/lpr mice, compared with that in BALB/c kidney extracts. Diseased mice that were treated with NMMA had levels of catalase protein intermediate between that of diseased mice and the BALB/c mice. In some (but not all) MRL-lpr/lpr mice, we noted a higher molecular mass protein recognized by the anticatalase antibody. We do not know what deter-mines the appearance of this. Its level was not influenced by L-NMMA treatment.
These results suggest that there is an elevated level of peroxynitrite produced in MRL-lpr/lpr mouse kidneys, as evidenced by an increase in the level of nitrated proteins. A decrease in catalase protein and activity was associated with this increase in peroxynitrite level and resulting protein nitration. To examine the effects of peroxynitrite on catalase in vitro, bovine liver catalase was treated with increasing concentrations of peroxynitrite. When added at a peroxynitrite:catalase molar ratio of 0.1:1 (4.1 nM peroxynitrite) to 50:1 (2.05 M peroxynitrite), no significant decrease in catalase activity was observed. At higher concentrations of 0.1 mM peroxynitrite, a decrease in catalase activity of 12% was observed. The catalase activity was further decreased with increasing concentrations of peroxynitrite until, at 0.5 mM and 1.0 mM peroxynitrite, decreases of 29% and 26%, respectively, were observed. Samples of catalase treated with the different concentrations of peroxynitrite were separated on 8% native gels and stained for catalase activity. Catalase samples that were treated with 0.1 mM to 1.0 mM peroxynitrite (concentrations associated with decreased catalase activity) had an altered migration on native gels (Fig. 3A) . This suggested that peroxynitrite treatment resulted in a modification of the catalase protein. When samples of peroxynitrite-treated catalase were separated under native conditions and probed with anti-bovine catalase antibodies, all cross-reactive material co-migrated with catalase activity, indicating the absence of additional species of catalase that were inactive and that migrated with different mobilities in the native gel (Fig.  3B) . No changes in catalase activity or mobility in a native gel were observed following the reverse order of addition peroxynitrite [that is, samples to which peroxynitrite was first added and allowed to decompose before catalase was added (data not shown)]. This indicated that the decrease in catalase activity was due to the effects of peroxynitrite and not due to decomposition products or contaminants.
Catalase samples treated with increasing concentrations of peroxynitrite also were separated on 8% SDS-polyacrylamide gels and subjected to immunoblot analysis using antinitrotyrosine antibodies (Fig. 3C ). Catalase treated with 2.05 M peroxynitrite had a low, but detectable, level of nitrotyrosine. In contrast, catalase samples treated with 0.1 mM to Catalase (100 ng) treated with the indicated concentration of peroxynitrite was separated on an 8% polyacrylamide gel under native conditions and stained for catalase activity as described in "Materials and Methods." (B) Native immunoblot of catalase treated with peroxynitrite. 100 ng of catalase treated with the indicated concentration of peroxynitrite was separated on an 8% polyacrylamide gel under native conditions and examined in an immunoblot using polyclonal anti-catalase antibodies. (C) Anti-nitrotyrosine immunoblot of catalase incubated with peroxynitrite. 100 ng of catalase treated with the indicated concentration of peroxynitrite was separated on 8% SDS-PAGE and the proteins subjected to immunoblot analysis with rabbit anti-nitrotyrosine antibodies. The major band of cross-reactive material comigrated with catalase monomer.
1.0 mM peroxynitrite had increased nitrotyrosine formation. The majority of nitrotyrosine formation was associated with a catalase monomeric subunit with a M r of approximately 68,000. In addition, in samples treated with 0.1 mM to 1.0 mM peroxynitrite, nitrotyrosine was also associated with a protein species that had a low mobility and a M r consistent with catalase subunit dimers. This suggested that treatment of catalase with peroxynitrite at these higher concentrations resulted in the formation of catalase subunit multimers.
The effects of peroxynitrite on mouse liver catalase were very similar to those on bovine liver catalase. Incubation of mouse liver catalase with 0.1 mM peroxynitrite resulted in a 25% decrease in enzymatic activity; whereas, incubation with 1.0 mM peroxynitrite caused a 48% decrease in catalase activity. These decreases in enzymatic activity were accompanied by a peroxynitrite concentration-dependent increase in protein nitration and altered migration of the modified catalase on a native gel (data not shown).
Peroxynitrite is a strong oxidant, as well as nitrating agent (28, 29) . The extent of oxidation in bovine liver catalase treated with peroxynitrite was examined using the OxyBlot oxidized protein detection system (Intergen, Boston, MA), which utilizes 2,4-dinitrophenylhydrazine to derivatize the protein carbonyls formed from oxidation to 2,4-dinitrophenylhydrazone groups (30) . The derivatized protein samples were separated on SDS-polyacrylamide gels and probed with antibodies specific to the dinitrophenyl portion of the protein.
Reverse-order-of-addition samples, to which peroxynitrite was first added and allowed to decompose before catalase was added, were also analyzed for comparison (Fig. 4) . Addition of 2.05 M peroxynitrite to bovine liver catalase did not result in substantial levels of oxidation of the enzyme (data not shown). Protein carbonyl formation could be detected initially in samples treated with 0.1 mM peroxynitrite. The extent of protein carbonyl formation increased when catalase was incubated with increasing concentrations of peroxynitrite. Carbonyl formation noted with the reverse order of addition samples was also substantial, an indication that the oxidation observed in the different samples was due to other oxidants present in the peroxynitrite solution and not directly to peroxynitrite itself. There was no decrease in catalase activity in the reverse-order-ofaddition samples, suggesting that the observed level of oxidation did not contribute to the decrease in catalase activity.
Peroxynitrite is a short-lived molecule under conditions of physiological pH (31) . To more closely approximate physiological conditions in which proteins may be subject to a constant source of peroxynitrite, we treated bovine liver catalase with sequential bolus additions of peroxynitrite, with each addition reaching a final concentration of 0.1 mM in the reaction mixture. Samples were removed and analyzed after each addition. The first addition of peroxynitrite was associated with a 25% decrease in catalase activity (Fig. 5A) . Further additions decreased the catalase activity only slightly. At the end of five additions of peroxynitrite, the catalase activity was decreased 45% from that of catalase without peroxynitrite treatment.
Catalase subjected to sequential peroxynitrite treatment was analyzed on native gels and stained for catalase activity. The first addition of peroxynitrite was associated with a change in migration of active catalase in the native gel (Fig. 5B) . This peroxynitrite modified sample had a faster mobility than the unmodified catalase. Addition of the second and third boluses of peroxynitrite resulted in successive small Effects of sequential additions of peroxynitrite on catalase activity. Samples were removed after each addition and catalase activity determined as described in "Materials and Methods." (B) Activity stain of catalase treated with sequential additions of peroxynitrite. Samples (100 ng) were removed after each addition, separated on an 8% native gel and stained for catalase activity as described. By densitometry, co-migrated with the catalase activity. Thus, there were no additional species of catalase that were inactive and migrated to alternative positions on the native gel (data not shown).
Samples treated with sequential additions increases in mobility. Further additions of peroxynitrite did not cause further change. Immuno-blots of samples separated on a native gel probed with anti-bovine catalase antibodies indicated that all catalase cross-reactive material of peroxynitrite were also separated on SDSpolyacrylamide gels and probed with antinitrotyrosine antibodies (Fig. 5C) . The first addition of peroxynitrite was associated with formation of nitrotyrosine in the catalase. Sequential additions of peroxynitrite were associated with an increased level of nitro-tyrosine formation in this protein. Additional higher molecular weight nitrotyrosine-containing species could also be detected with subsequent additions of peroxynitrite. The intensity of these species increased progressively with each additional bolus of peroxynitrite. These species represented cross-linked catalase multimers that could be detected with anti-bovine catalase antibodies (data not shown).
In addition to sequential addition of authentic peroxynitrite, another approach to expose catalase to a constant flux of peroxynitrite is to utilize SIN-1, the peroxynitrite generator (32) . SIN-1 liberates NO and, in the presence of oxygen, generates superoxide (32) . Thus, incubation of catalase with SIN-1, under these defined conditions, is equivalent to treatment of catalase with peroxynitrite. Incubation of bovine catalase with increasing concentrations of SIN-1 resulted in a time-and concentrationdependent decrease in catalase activity with the rate of decrease correlating with increasing concentrations of SIN-1 (Fig. 6A) . With 10 M SIN-1, the catalase was inactivated very slowly, such that, after 60 min only 20% of the activity was lost. Incubation with 100 M and 1.0 mM SIN-1 resulted in a progressive increase in loss of catalase activity. With the two higher concentrations of SIN-1, there was a 50% loss of catalase activity after 60 min, similar to the decrease observed with authentic peroxynitrite.
To ensure that the peroxynitrite generated by SIN-1 (and not simply NO) was responsible for the observed inactivation, samples were incubated with SIN-1 in the presence of SOD, which would convert any released superoxide to hydrogen peroxide and prevent the formation of peroxynitrite. Catalase treated with SIN-1 in the presence of SOD retained all catalase activity, indicating that NO itself did not inactivate catalase under these conditions (Fig. 6A ). In addition, up to 100 M NO added directly to the catalase did not have an effect on catalase activity (data not shown).
Addition of SIN-1 affected the spectrum of bovine liver catalase in both the visible and ultraviolet (UV) regions (Fig. 6B) . With increased time of exposure to SIN-1, the peak absorbance at 415 nm decreased, indicating that there was a perturbation of the region surrounding the heme pocket. The precise nature of this perturbation has not yet been investigated.
Treatment of catalase with peroxynitrite resulted in both oxidation and nitration of the protein. To determine which of these processes was responsible for the loss of catalase activity, bovine liver catalase was treated with TNM at various pHs. At pH 6.0, TNM primarily oxidizes the enzyme; whereas, at pH 8.0, nitration is the primary modification (33, 34) . Following TNM treatment at pH 6.0, a 10% decrease in enzymatic activity was observed and treatment with the same concentration of TNM at pH 8.0 resulted in a 35% decrease in catalase activity (Fig. 7A ). Immunoblot analysis with antinitrotyrosine antibodies revealed that the sample treated with TNM at pH 6.0 exhibited a low level of nitrotyrosine formation; whereas, the sample that was treated with TNM at pH 8.0 showed a high level of nitrotyrosine formation (Fig. 7B ). These observations with TNM suggested that protein nitration was associated with a greater decrease in catalase activity than sulfhydryl oxidation.
Discussion
In MRL-lpr/lpr mice, increased production of NO is associated with manifestation of various aspects of autoimmune disease, including arthritis and glomerulonephritis (3, 4) . The macrophages of the diseased mice also produce elevated levels of superoxide and hydrogen peroxide (16) . In the current study, we have shown that diseased kidneys contain an elevated level of protein nitration. Although it recently was demonstrated that protein nitration can arise from species other than peroxynitrite (35), 3-nitrotyrosine staining was immunochemically detected in several diseases encompassing every major organ system and was proposed to be a footprint of peroxynitrite action (36) . Enhanced protein nitration was consistent with overproduction of peroxynitrite from the increased levels of NO and superoxide found in these mice, although several nitration pathways could exist simultaneously (36) . Treatment of MRL-lpr/lpr mice with the NOS inhibitor NMMA reduces the extent of nitration. In addition to increased protein nitration, catalase activity in the diseased kidney extracts is also diminished. This diminution is also NO-dependent, since mice treated with NMMA have a partial restoration of catalase activity. The decrease in catalase activity is paralleled by a decrease in the level of catalase protein; this decrease is partially prevented in MRL-lpr/lpr mice treated with NMMA. These results suggest that nitration of catalase in the kidneys of MRL-lpr/lpr mice may result in enhanced degradation of the catalase protein. Venkatraman, et al. (27) examined the level of catalase mRNA in MRL-lpr/lpr kidneys and found that there was no difference between the levels in diseased kidneys and control kidneys. These data are consistent with a model in which the catalase protein is subject to degradation following nitration. Catalase appears to be important for the protection of rats against oxidant-mediated kidney damage. Puromycin aminonucleoside nephrosis in rats is associated with a decrease in catalase activity (37) . Moreover, a recent report documented that in vivo inhibition of catalase activity with 3-amino-1,2,4-triazole exacerbates the renal damage and proteinuria in these rats, suggesting a role for hydrogen peroxide in pathogenesis of kidney disease (37) .
The amino acid sequence of mouse catalase is greater than 95% identical to that of bovine liver catalase (38, 39) . In vitro treatment of both catalases with peroxynitrite decreases their activities. This reduction is accompanied by both nitration and oxidation of the protein. However, if the peroxynitrite first was allowed to decompose before catalase was added, no decrease in catalase activity or nitration was observed. However, the protein was still oxidized, suggesting that oxidation, per se, did not have any effect on enzyme activity. Further support for this contention was provided by examination of the effects of TNM treatment on catalase activity. Treatment with TNM at pH 6.0, resulting in oxidation of the sulfhydryl groups of the enzyme, was not associated with significant loss of catalase activity. In contrast, treatment with TNM at pH 8.0 primarily resulted in protein nitration and was associated with in a decrease in enzymatic activity. Moreover, catalase activity was decreased in the presence of the peroxynitrite generator SIN-1 in a concentration-dependent manner. SIN-1 was found to have no effect on catalase activity when SOD (which scavenges superoxide radical and, therefore, prevents the formation of peroxynitrite) was present.
The three-dimensional structure of bovine liver catalase reveals the active site to consist of a heme prosthetic group with Tyr357 as the proximal heme ligand (40) . Electron paramagnetic resonance (EPR) spectroscopy suggests the involvement of a tyrosyl radical in the catalytic activity of the enzyme (41) . Nitration of this tyrosine residue could lead to inactivation of the enzyme. Bovine liver catalase treated with SIN-1 has an altered spectrum, compared with untreated enzyme. This suggests that there is a perturbation of the heme pocket, an observation that is consistent with predictions from the structure of the enzyme. In vitro observations, including enhanced electrophoretic mobility on native gels, indicative of a decrease in the pKa, are consistent with tyrosine nitration. In addition, the decrease in activity coupled with the failure to observe a second, inactive species, suggests that nitration leads to a single species of protein that is only partially active. The precise mechanism of inactivation awaits further investigation. The reaction of peroxynitrite with proteins not only results in the nitration of tyrosines, but also in the nitration and oxidation of other amino acids, such as tryptophan, cysteine, and methionine, as well as in the formation of dityrosine (28, 29, (42) (43) (44) . We have not yet investigated the modification of these other amino acids that may further affect the activity of catalase.
Bovine liver catalase, although a hemoprotein, was not inactivated by authentic NO under conditions of this study. This finding appears to be at odds with a number of published observations that describe the inactivation of catalase by NO (45) (46) (47) . Upon closer examina-tion, the difference may be attributed to the precise conditions of the various experiments. In the study of Kim, et al. (46) the decrease in catalase activity was associated with an increase in NO production in hepatocytes. Under such conditions, there also could be increased production of peroxynitrite that could be responsible for inactivation of the catalase. In the work of Brown (45) , the decrease in catalase activity caused by NO was observed in the presence of hydrogen peroxide. Under these conditions, catalase is converted to compound I, and compound I is inactivated by NO. This conclusion is supported by the observations of Mohazzab-H, et al. (47) , who also suggests that compound I formation is required for inactivation by NO.
Several proteins to date have been shown to be nitrated and inactivated by peroxynitrite in vitro. These include antioxidant enzymes, such as manganese SOD (MnSOD) and glutathione peroxidase (an enzyme also inactivated by NO) (48) (49) (50) (51) (52) . In addition, peroxynitrite has been implicated in the nitration of a number of different proteins under pathophysiological conditions. This includes MnSOD, which is nitrated and inactivated in human rejecting renal allograft (23) . For this enzyme, Tyr34 at the active site of MnSOD is the most susceptible to nitration by peroxynitrite (53) .
In summary, MRL-lpr/lpr mice produce elevated levels of oxidants, including hydrogen peroxide, NO, superoxide and peroxynitrite. Increased levels of these oxidants, coupled with diminished levels of antioxidants, result in exaggerated oxidant stress. This likely contributes to the pathogenesis of this autoimmune disease.
